Conclusions:
We submit that the standard practice of storing FFPE tissue blocks at room temperature should be reevaluated to better preserve RNA for in situ hybridization.
Molecular analyses of RNA expression using formalin-fixed, paraffin-embedded (FFPE) tissue have become widely used both for research and clinical purposes. In situ detection of RNA provides single-celllevel localization of gene expression in tissues that often results in important insights into normal biological function or disease processes, as well as enhanced diagnostic certainty for pathologists in clinical tissue samples. Furthermore, recent advancements have resulted in markedly increased sensitivity of RNA detection on tissues or whole cells, at times at the single molecule level. [1] [2] [3] Recently, commercially offered reagents and probes have become available to interrogate expression of many types of individual RNA species in situ in FFPE tissues. 3, 4 Both RNAscope from Advanced Cellular Diagnostics (ACD, Newark, CA) and ViewRNA from Affymetrix (Santa Clara, CA) are commercial kits and probes for RNA in situ hybridization (RISH) assays that rely on dual binding of two separate probes present in close proximity ("Z-pair" probes) to produce a template for signal amplification using a branched DNA process. The requirement for two separate probes to hybridize simultaneously, and the elimination of any repetitive sequence elements, results in a marked improvement in specificity, while the branched DNA hybridization process allows a simultaneous enhancement in sensitivity. 1, 3 In addition, the reactions can be visualized either as chromogenic signals, suitable for standard light microscopes, or as fluorescent signals suitable for fluorescence microscopy. Furthermore, both of these commercially available technologies are offered for use either by a manual approach or with automated immunohistochemistry (IHC) stainers 5, 6 that are commonly used in Clinical Laboratories Improvement Act (CLIA)-certified pathology laboratories. Hybridization signals can be quantified by either manual "eyeball" methods or by relatively unbiased and objective means based on image analysis, 7, 8 both of which can be useful for making relative expression level comparisons.
Given the specificity of nucleic acid hybridization for virtually any RNA species, these technologies are greatly augmenting prior capabilities for the detection of gene expression in normal and diseased tissues. Some examples of the usefulness of RISH include the detection and localization in tissues or cells of the following: viral RNA such as human papillomavirus RNA in diagnostic tissue biopsy specimens of the cervix and head and neck region 6, 9 ; noncoding RNAs (eg, lncRNAs 10, 11 and vlinc RNAs 12 ); messenger RNA (mRNA) splice variants useful for predicting response to specific therapies 13, 14 ; cytokine expression (eg, interleukin 6) since cytokines are often rapidly secreted, which may preclude effective tissue localization by antibodies 15 ; subcellular localization and trafficking of mRNA or other RNAs 16 ; and validation of expression array or RNAseq data in situ in tissues to determine which cells express specific RNA species of interest. 17 In addition to localization and quantification, RNA expression levels in situ may be used as prognostic and/or predictive biomarkers in cancer research studies. 7, 18 The study of prognostic biomarkers generally requires the use of older tissue blocks to study patient samples that have long-term follow-up data. Furthermore, many studies rely on using archival tissue blocks of various ages, even without a specific focus on evaluating prognosis. The use of archival tissue blocks raises the question of RNA stability, which, if affected adversely in relation to block age, could result in biased results and lead to inappropriate conclusions about RNA expression in clinical and research FFPE specimens. Indeed, many studies of solution-based assays have shown the adverse effects of tissue block age on RNA quality and levels. Examples include reverse transcription polymerase chain reaction (RT-PCR), capillary electrophoresis (eg, providing RNA integrity numbers [RIN]), microarrays, and, more recently, branched DNA-based applications as well as RNAseq [19] [20] [21] [22] [23] [24] [25] on RNA extracted from FFPE tissues. Yet, only a single study to date has specifically addressed the question of the effects of tissue block age on RISH using Z-pair/branched DNA methods. 7 Bordeaux et al 7 evaluated RISH using RNAscope technology for two different mRNA probes (ERS1 and UBC) and reported little effect of block age on signal levels if specimens were obtained between 1994 and 2003, but those that were obtained from 1975 to 1993 showed diminished signals. However, in that study, all of the tissue blocks used were at least 5 years old or older (up to 7-8 years depending on when hybridizations were done), 7 such that there is no systematic information in the literature examining the effects of tissue block age on tissues from 0 to 7 years old using Z-pair/branched DNA in situ hybridization technology. In the present study, we examined the effects of tissue block age on FFPE tissues from radical prostatectomy specimens from patients with prostate cancer using a number of RNA in situ probes, using both standard tissue sections and tissue microarrays (TMAs). We then examined quantitatively the effects of block age in a controlled TMA experiment consisting of tissues from prostate cancer patient-derived xenografts (PDXs) handled under identical conditions. Finally, we carried out an additional prospective quantitative TMAbased experiment to test the effects of storing unstained FFPE slides under various conditions to determine whether loss of in situ hybridization signals could be prevented using a simple strategy of cold slide storage.
Materials and Methods

Prostatectomy Specimens and TMA Construction
This study was approved by our institutional internal review board. Radical retropubic prostatectomy specimens (RRPs) were handled in the Johns Hopkins Hospital CLIA-certified and College of American Pathologists-certified pathology laboratory using standardized techniques. To construct "new case" TMAs, RRPs were injected with 10% neutral buffered formalin and microwaved as previously described 26, 27 or were sectioned fresh and pinned and floated in neutral buffered formalin for up to 4 hours, prior to additional sectioning and automated tissue processing, followed by processing into FFPE blocks. For more than 20 years, our CLIA-certified laboratory has been using commercially acquired 10% neutral buffered formalin (current material is from Cardinal Health, Dublin, OH), which preserves pH between 6.9 and 7.1. Using these specimens, all of which were collected within 10 months of specimen submission, a number of "new case" TMA blocks were produced. Gleason scores ranged from 6 to 9, and pathologic stages ranged from organ confined (T2N0) to those with pelvic lymph node positivity (T3bN1). The tumor
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with the highest grade was used for tissue sampling for TMA construction. Patient ages ranged from 50 to 70 years. Carcinoma tissue and matched normal-appearing prostatic tissues were punched multiple times (between three and five random punches within regions of interest) from each case. Control FFPE tissues from various other normal tissues (n = 30 TMA cores) were also placed throughout the TMA. For "older case" TMAs, a similar method was employed for RRP specimen handling with a range of tissue block ages (between 3 and 13 years relative to the "new case" TMAs). Pathologic slides from RRP specimens or from prostate cancer xenografts were used as templates for constructing high-density TMAs (cores, 0.6 mm in diameter) using a manual tissue puncher/ arrayer designed by Beecher Instruments (Estigen, Tartu, Estonia). For standard tissue sections (n = 25 patients), a representative tissue block containing the highest grade tumor was used for sectioning. Cases were taken at random that were from specimens with different tissue block ages as indicated in the Results.
Xenograft Tissue Fixation and Processing
Prostate cancer LuCaP PDXs (LCap 23.1, 35, 70, and 96) [28] [29] [30] [31] were fixed in 10% neutral buffered formalin (phosphate buffered; Fisher, Pittsburgh, PA) for 16 to 24 hours prior to routine processing into FFPE blocks. All FFPE blocks were stored at room temperature for time points indicated in the Results section.
In Situ Hybridization for RNA on FFPE and Frozen Sections
For all experiments except those on TMAs, RISH was performed using the RNAscope 2.0 FFPE Brown Reagent Kit (ACD) as previously described with exceptions indicated below. [13] [14] [15] 32 Briefly, FFPE tissue slides were baked at 60°C for 1 hour followed by deparaffinization in 100% xylene twice for 5 minutes each and two changes of 100% alcohol. The slides were treated with endogenous peroxidase-blocking pretreatment reagent and then incubated for 15 minutes in a boiling 1× Pretreat 2 reagent (ACD) and then treated with protease digestion buffer (III, Cat. 322337) for 30 minutes at 40°C. The slides were incubated with a RNAscope target probes as follows: PPIB (or peptidyl prolyl isomerase B, also known as cyclophilin B, probe region 139-989, NCBI reference sequence accession NM_000942. 4 , NCBI reference sequence accession J01866.1) for 2 hours at 40°C, followed by signal amplification. 3,3′-Diaminobenzidine (DAB) was used for colorimetric detection for 10 minutes at room temperature. For RNAscope using frozen tissues, tissue sections were fixed in prechilled 10% neutral buffered formalin for 15 minutes at 4°C. Slides were dehydrated in 50%, 70%, and 100% alcohol for 5 minutes each. The slides were treated with endogenous peroxidase-blocking pretreatment reagent and then incubated for 5 minutes in a boiling water bath and then treated with protease digestion buffer for 10 minutes at room temperature. The slides were incubated with RNAscope target probes for 2 hours at 40°C, followed by signal amplification. DAB was used for colorimetric detection for 10 minutes at room temperature. For experiments using TMAs shown in Figures 5 and 6 , RNAscope 2.5 kit was used according to the manufacturer's recommendations, except that protease III (ACD, cat. 322337) was used and amplification steps 5 and 6 were extended to 1 hour (from 30 minutes) and 30 minutes (from 15 minutes), respectively.
Cell Culture and Preparation of FFPE Cell Lines
LNCaP and VCaP prostate cancer cells were obtained from the American Type Culture Collection (Manassas, VA). PC-3 and DU-145 prostate cancer cells were obtained from the National Cancer Institute (Frederick, MD). All cell line identities were verified using short tandem repeat profiling of nine genomic loci with the Powerplex 1.2 system (Promega, Madison, WI). Cells were maintained at 37°C and 5% CO 2 , and they supplemented with RPMI 1640 or Dulbecco's modified Eagle's medium with 10% serum (Corning, Fisher Scientific, Hampton, NH). For FFPE cell line blocks, cells were harvested, fixed in neutral buffered formalin, and processed into FFPE blocks as previously described.
33
RNA Interference Knockdown (MYC) and Transfections
Cells were transfected using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA). Pools containing four small interfering RNA (siRNAs) against MYC (L-003282; Dharmacon, Lafayette, CO) were transfected at a final concentration of 50 nmol/L. As a control in each transfection experiment, cells were transfected with siCONTROL Non-Targeting siRNA pool 1 (D-001810; Dharmacon). A molecular clone of human PTEN driven by the cytomegalovirus promoter (PTEN NM_000314 Human cDNA Clone; Origene, Rockville, MD) was transfected in the PTEN null PC-3 cells using Oligofectamine according to the manufacturer's directions (Invitrogen) as described. 33 Transfected cells were harvested after 48 hours and prepared for cell blocks as described above.
Semiquantitative Scoring of Standard Slides
Standard whole slides (eg, not TMA slides) for the FFPE tissue block age study were assessed using a combined score in which an average visually determined intensity (scored on a 0-4 scale) was multiplied by extent of staining (percentage of tissue stained) across the slide for benign (TP63 or PTEN) or carcinoma (MYC, PCA3), such that scores ranged from 0 to 400.
Image Analysis of TMAs
TMA slides were scanned using an Aperio ScanScope CS slide scanner (Leica Biosystems) using the ×20 objective (0.49 m per pixel resolution). The resulting whole slide image was segmented into individual core images using the TMALab module in eSlideManager (Leica Biosystems, Wetzlar, Germany). The TMA core images were imported into the TMAJ image manager (http:// tmaj.pathology.jhmi.edu), [34] [35] [36] and histologic diagnoses were rendered. For the TMAs, regions of interest were created using the lasso mask and annotations tool in TMAJ/FrIDA (an ImageJ plugin for TMAJ) 37 to avoid regions of necrosis and poor-quality staining. In TMAJ/ FrIDA, hue, saturation, and value (HSV) color space segmentation was used to define the "brown" (DAB; ie, positive IHC/RISH) and "blue" (hematoxylin) masks. Area percent of staining was defined as the total "brown" area in the region of interest divided by the total tissue area in the region of interest as determined by the software. For the RRP TMAs, identical thresholds for identifying DAB were employed for all slides in a given experiment. For the PDX TMAs, HSV color space segmentation was used to optimally define the DAB for each slide.
Data Analysis
Standard slide and TMA data were analyzed by generating descriptive tables and performing statistical testing as indicted for specific comparisons in the Results section using STATA 13 for Microsoft Windows (StataCorp LP, College Station, TX). For standard slides using manual scoring, we used analysis of variance (ANOVA) to compare the scoring results by the categorical variables of tissue block age groups. For experiments comparing "old case" and "new case" TMAs using image analysis, we also used ANOVA as well as the Student t test for pairwise comparisons, after natural log transformations of area scores. For PDX image analysis, data quartiles of staining for each probe set were tabulated and compared using the extended Mantel-Haenszel (Cochran-Mantel-Haenszel) stratified test of association.
Results
Specificity of RISH Using Commercial ACD Probes and Staining Kits
We previously evaluated the specificity of ACDbased RISH staining using FFPE blocks of prostate tissues with a number of separate probe sets, including those targeting IL6, 15, 38 TP63 32 (referred to as p63), AR exon 1, and AR splice variant V7. 13, 14 In the present study, we further examined TP63, ERG, PCA3, PTEN, and MYC. Expression of TP63 was localized nearly exclusively to the basal compartment of the prostate (as is known for p63 protein 39, 40 ) ❚Image 1❚ HSV, with typical prostatic adenocarcinomas being almost completely negative for hybridization signals (not shown). Furthermore, we employed a probe set against ERG and demonstrated its specificity by showing that strong signals were present in approximately 50% of cases tested, and signal was detected only in prostatic tumor cells (as expected) [41] [42] [43] (Supplementary Figure 1A ; all supplemental materials can be found at American Journal of Clinical Pathology online). These positively staining cases correlated with positive staining for ERG protein by IHC (not shown), which itself is well known to correlate with ETS rearrangements such as those resulting in the TMPRSS2-ERG fusion gene product. [41] [42] [43] In prostate cancer cell lines prepared as FFPE blocks, ERG was positive in VCaP cells and negative in DU-145 cells as expected 44, 45 ( Supplementary Figures 1B  and 1C) . Similarly, PCA3 signals were also found to be specific as signals were present nearly exclusively in tumor cells and high-grade prostatic intraepithelial neoplasia (PIN) lesions, with very low or no signals found in normal-appearing epithelium 46 ,47 ❚Image 2❚. PTEN specificity was demonstrated by lack of signals in PC-3 prostate cancer cells, which contain a homozygous PTEN deletion, The specificity of MYC was demonstrated by using FFPE mouse tissues that overexpress human MYC in the prostate, 49 which showed robust signals, compared with wild-type mice that were negative for human MYC (Supplementary Figures 3A and 3B) , and by siRNA knockdown of MYC in human PC-3 cells in FFPE blocks ( Supplementary  Figures 3C and 3D) . MYC mRNA, which is known to be overexpressed in at least 80% of human prostate cancer tissues, 36 compared with matched benign samples, was overexpressed in most prostate carcinomas (I. Kulac and A. M. De Marzo, unpublished data). Thus, between prior work and the current study, we demonstrated high specificity of in situ signals for RNA for eight different probe sets using ACD RNAScope technology, and we conclude that it is generally a robust and reliable method for localizing RNA in FFPE tissues.
Reduced RISH Signal Levels Are Associated With Tissue Block Age
In the studies mentioned above using slides from prostatectomies, we noticed substantial variability in RISH signals from case to case. This led us to consider whether tissue block age could be associated with some of the staining heterogeneity. Therefore, we undertook a study to perform RISH on 25 standard FFPE tissue blocks from prostatectomy specimens with different block ages selected at random. We used tissues that were handled in the same clinical laboratory setting with highly similar protocols over time (including fixation and processing), including those that were less than 1 year old (0 years) and those that were from 5 to 11 years old. We chose four probe sets and performed manual scoring. Probe sets were chosen such that two of the RNAs were expected to be present in all normal-appearing prostatic tissues (TP63 and PTEN), and two were expected to be overexpressed in most of the prostatic adenocarcinoma lesions (MYC and PCA3). Using a combined score that takes into account the overall intensity and extent of staining across the slide for benign tissue (TP63 or PTEN) or carcinoma (MYC, PCA3), we found lower signals using all four probe sets in standard slides from tissue blocks that were 5 years or older compared with those that were less than 1 year old at the time of hybridization. Images 1 to 3 show representative results of in situ hybridization for TP63, PTEN, and PCA3 from standard slides of different block ages showing a marked decrease in signals in the older blocks. ❚Figure 1❚ shows the manual scoring data of these results, revealing lower signals that were statistically significant for each probe set when stratifying cases into three groups (<1 year, 5-7 years, and 8-11 years) (ANOVA; P = .0001 for TP63, P = .0005 for PTEN, P = .0018 for MYC, and P = .0064 for PCA3).
To confirm and extend these findings we generated TMAs from RRP specimens that were considered "new case" TMA (eg, tissue blocks <6 months old) and performed RISH on these as well as TMAs taken from similarly treated specimens in which the tissue block ages varied from 3 years to 13 years. For this, we used the same MYC probe set as above as well as a probe set for PPIB, which is generally used as a "housekeeping" gene probe set recommended by the manufacturer. Each of the TMA slides were digitally scanned, and the composite TMA spot images were imported into TMAJ. TMA spots were assigned a diagnosis (benign or carcinoma), and regions of interest were circled for image analysis. TMA images were viewed by a pathologist (J.A.B.), who was blinded to the TMA design in terms of block age. Supplementary Table 1 shows the distribution of cases and TMA spots by tissue block age and by diagnosis (benign or carcinoma). Image analysis was performed using FrIDA; a given threshold for brown staining was set, and this threshold was used for all subsequent TMA spots in a given slide and for each of the slides stained with each probe set. ❚Image 4❚ shows representative images of hybridizations with MYC and PPIB probe sets for both benign and carcinoma TMA spots stratified by tissue block age. This process allowed for an unbiased estimate of overall brown staining on each TMA slide. ❚Figure 2❚ shows the result of the quantitative image analysis. For both probe sets, there was a clear and highly statistically significant decrease in signals in relation to tissue block age for both tissue types analyzed (Figure 2 ) (eg, for PPIB, the median area score [median of the area fraction of the region of interested stained] was 0.063 for the 0-year time point, 0.01 for the 3-to 7-year time period, and 0.001 for the 8-to 13-year time period). These results are consistent with the findings from the standard tissue sections and show that computerized image analysis of TMAs is a useful method for quantification. Using these same TMAs, although we did not formally quantify the results, we also examined probe sets for PTEN and TP63, and similar overall results with visually observable marked decreases with tissue block age were found (see Supplementary Figure 4 for examples).
TMAs for Block Age-Related RISH Signal Reduction Study
We further examined the effects of tissue block age on RISH using RNAscope by generating a set of four novel TMAs using the well-characterized human prostate cancer LuCaP PDXs (LuCaP 23.1, 35, 70, and 96). Each of these PDXs (eg, LUCaP 23.1) has been serially propagated in immune-compromised mice, and tumor tissue has been harvested and processed under the same conditions. FFPE tissue blocks were stored at room temperature for differing lengths of time. For each of the four TMAs, FFPE tissue blocks of each LuCaP PDX line were included from four time points as follows: (1) point, FFPE blocks from three different tumors of each PDX line were used in a given TMA. For each TMA, we performed RISH for four probe sets (n = 16 total TMA slides), including MYC, PPIB, AR, and 5.8S rRNA. We chose these probe sets because MYC is expressed in most prostate cancers; PPIB is an established positive control gene 4 ; AR is well known to be expressed in most prostate cancers, including these PDXs 50 ; and 5.8S rRNA is highly abundant, transcribed by RNA polymerase I, and may behave differently in terms of stability than a "typical" RNA polymerase II transcribed mRNA gene. The specificity of the in situ hybridization using RNAscope for AR exon 1 was established using a series of positive and negative control cell lines. 13, 14 The specificity of 5.8S rRNA was established herein by its ubiquitous expression across many tissues examined and the expected pattern of staining within cells, including nucleolar accumulation and abundant cytoplasmic dot-like foci consistent with the pattern expected of ribosomes ❚Image 5❚.
As indicated above for the RRP TMAs, each TMA slide was digitally scanned, the composite TMA spot images were imported into TMAJ, and image analysis was performed such that a given threshold for brown staining was set, and this threshold was used for all subsequent TMA spots for that particular probe set. Areas of necrosis or obvious poor staining quality/artifacts were excluded. This process allowed for an unbiased estimate of overall brown signal levels on each TMA slide. TMA images were viewed by a pathologist (J.A.B.), who was blinded to the TMA design in terms of block age. For quantification, we used the total area of brown staining divided by the total tissue area (eg, the area fraction of staining) as determined by the software.
By visual inspection, it was clear that there was generally a marked reduction in RISH signal going from blocks that were less than 1 year old to blocks that were 5 years old, with the least reduction in the 5.8S rRNA probe set. the different PDXs, there were differences in the apparent level of signals depending on which PDX was examined. Therefore, we used the quartiles of the area fraction of staining from each TMA for each probe set to combine data across the four TMAs for a given probe set for analysis. ❚Table 1❚ shows these results along with results of statistical analysis showing a statistically significant decrease in signal with increasing block age for each of the probe sets.
Frozen Tissues Preserve RISH Signals
We next questioned whether the reduction of RISH signals with block age is an inherent property of tissue aging or whether such degradation in signal could be prevented. For this, we performed RISH for the same four probe sets using tissues from RRP specimens that were 10 years old but were originally snap frozen at the time of prostatectomy (n = 3 cases each with four probe sets, including PPIB, TP63, PTEN, and 5.8S rRNA) and compared these with FFPE blocks taken from neighboring areas of the same 10-year-old RRP cases but that were stored at room temperature as per standard protocol.
Compared with the 10-year-old FFPE tissues that showed very weak signals for PPIB, TP63, and PTEN, the frozen sections from the snap-frozen samples contained much more robust signals, comparable to recent case FFPE samples (eg, <1 year old) ❚Image 6❚. The signals for 5.8S rRNA were generally preserved, even in the 10-year-old FFPE blocks. To determine the effect of tissue processing, the 10-year-old frozen tissue blocks used for RISH were fixed in formalin, processed into FFPE, and then subjected to RISH for the same four probe sets. The signals were quite similar in these cases to their frozen-section counterparts (Image 6), indicating that the FFPE process itself does not cause reductions in RNAscope hybridization signals. Supplementary Table 2 shows the scores of the manual assessments results from these 36 slides.
Storing Unstained FFPE Slides at -20°C Preserves RISH Signals
Freezing FFPE unstained slides at -20°C has been shown to preserve protein staining in a manner comparable
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to leaving tissue in FFPE blocks at room temperature, which is considered the standard best practice for protein preservation (eg, compared with leaving unstained slides at room temperature). 51, 52 Furthermore, storage of tissue blocks at 4°C helps to preserve RNA when solution-based analyses are used. 20 Thus, we sought to determine whether cold storage (maintaining unstained slides at -20°C) for prolonged periods of time could preserve RISH signals. For this, we used unstained sections from three different tissue blocks that were stored at -20°C shortly after processing of tissues into FFPE (within 2 months) and compared these with unstained sections that were cut from the same FFPE blocks 5 years later after the blocks had been stored at room temperature. Supplementary  Figure 6 shows a clear preservation of RISH signals over the 5 years, with much stronger signals for the two probe sets tested (MYC and PTEN) using unstained sections stored unstained at -20°C compared with unstained sections that were cut from the blocks stored for 5 years at room temperature.
To more formally test whether storage of slides at -20°C preserves signals compared with storing them at room temperature, we performed a prospective study in which we generated an additional "new case" TMA using tissues from new/recent cases (≤3 months old). For this TMA, we sectioned deep into the block and A and C, carcinoma in B and D) . Median values are indicated by plus signs. P < .0001 for differences across block age groups for each probe set for each tissue type (analysis of variance). P < .0001 for pairwise comparisons between each block age group (eg, <1 year vs 3-7 years, <1 year vs 8-13 years, 3-7 years vs 8-13 years) for each probe set for each diagnostic category.
numbered each of the TMA slides. Then, for a group of four adjacent slides, we stored them under different conditions according to the following sequence: 1 = room temperature, 2 = room temperature with desiccant (manufacturer's recommendation), 3 = -20°C, and 4 = -20°C with desiccant. We then performed RISH for each of the probe sets at different time points (1 month, 6 months, 1 year, and 2 years). At each time point, the staining with a given probe set (eg, PPIB) was performed under identical conditions in a single batch that included the adjacent slides stored under the four different conditions. For each time point, we digitally scanned the TMA slides, segmented the core images, imported the data and images into TMAJ/FrIDA, and performed image analysis in a blinded fashion with regard to storage conditions. For the image analysis, we quantified total brown area of staining using the same thresholds for the determination of brown staining for all TMA spots for all slides in this study. This unbiased assessment showed very little difference at 1 month, but differences became apparent at 6 months ❚Image 7❚ and Supplementary Figure 7) and were highly significantly different for three of the four probe sets at 1 year and 2 years after block generation (Supplementary Figure 7  and Supplementary Table 3) . These results clearly show that -20°C storage is superior to storage of slides at room temperature and that desiccant does not appear to add value after the 1-month time period. Also, the positive effects of using desiccant appear to be limited to early time points and to room temperature storage, with little effect at -20°C. Interestingly, as in the other tested scenarios, the 5.8S rRNA signals were much less affected by time of storage and temperature, suggesting that this transcript appears to be more robust in terms of degradation over time compared with the three mRNAs that were studied herein.
Discussion
Localization of RNA expression in situ can provide a number of important insights into basic biology, disease mechanisms, and pathology diagnostics. Improvements in genomics-based approaches such as RNAseq are producing rapid growth in the number of RNA targets that investigators are seeking to localize in situ, especially in archival tissues that are formalin fixed and paraffin embedded. Recent enhancements in technology for in situ hybridization of RNA using commercially available reagents, such as those using "Z-pair" probes and branched DNA amplification, are rapidly being adapted to address this need. that RNA quality decreases with tissue block age in blocks stored at room temperature when using solution-based assays, it is important to systematically study the effects of tissue block age on this Z-pair/branched DNA in situ hybridization technology. In the present study, we show that the signal intensity and extent of RISH (using ACD's RNAscope) correlated inversely with FFPE tissue block age, such that there were highly significant and marked reductions in hybridization signals after 5 years, and the reduction in signal often began to occur by 1 year of age. This finding was consistent across tissue blocks stored at room temperature (the current gold standard of storage) from two different institutions, using different tissue fixation and processing protocols. Furthermore, we found that storage of unstained slides at -20°C can preserve the signals, providing a relatively simple solution. Current studies are under way to determine whether storage of the FFPE blocks at -20°C provides a similar level of protection. While not formally included in this study, prior work in our laboratory using ViewRNA from Affymetrix (between 5 and 6 years ago) indicated that there were also tissue block age effects for a number of probe sets using RRP FFPE tissue blocks (eg, probe sets for MYC, PTEN, PCA3, and ERG; Q. Zheng and A. M. De Marzo, unpublished data). This is not surprising given that the underlying technology of using Z-pair probes and branched DNA amplifications is similar in both commercial applications. However, additional studies will be required to determine fully the extent of the effects of FFPE block age on Affymetrix ViewRNA.
It is well documented that storing slides at room temperature is detrimental for antibody immunoreactivity for a number of antigens [53] [54] [55] [56] compared with leaving the tissue in the FFPE blocks and storing them at room temperature. To preserve staining in such unstained slides, DiVito et al 56 have advocated coating slides with paraffin to simulate leaving slides in the protective confines of the paraffin block, and the best results were obtained if these slides were prevented from undergoing further oxidation by storing them under nitrogen vapor. Others have also advocated coating slides with paraffin. 57 However, we have found some difficulties with paraffin removal prior to staining from the paraffin-dipped slides, and it has been reported that this step does not necessarily help preserve epitopes, but it can result in a slight decrease in signals. 58 Furthermore, freezing FFPE unstained slides at -20°C has been shown to preserve protein immunoreactivity similar to tissues kept in FFPE blocks at room temperature. 51, 52 Thus, in our study, we did not attempt to preserve RISH signals using paraffin slide dipping but rather opted for cold storage at -20°C.
While most agree that leaving tissue in FFPE blocks is superior to cutting the blocks and subsequently storing the cut sections at room temperature, 59 a number of studies have reported decreased immune staining of at least some IHC-based markers with FFPE tissue block age. 60, 61 Thus, while we did not examine protein staining by IHC in this study, future studies should address whether storing unstained slides or FFPE blocks as in our study (at -20°C) can also preserve protein immunogenicity. Our preliminary data so far suggest that storing FFPE blocks at -20°C is also helpful for preserving RNAscope in situ signals (Q. Zheng and A. M. De Marzo, unpublished data). While the precise chemical mechanisms of RNA alterations occurring after prolonged FFPE storage at room temperature are still under investigation and may involve oxidative damage, hydrolysis, or both, it is clear that whatever the nature of the chemical processes resulting in the decreased RNA signals using Z-pair/branched DNA technology in situ, cold storage can prevent it. It will also be of interest to determine whether cold storage of FFPE slides or blocks also results in improved measures when examining solution-based RNA quality such ). We acknowledge that our study has a number of limitations. For example, given the cost and time involved, we could only evaluate a limited number of probe sets, and thus it is not clear precisely how these findings will relate to other RNA targets in vivo. For example, mRNA stability is related to a number of factors, including the sequence, portion of the RNA examined (eg, 5′ or 3′ regions), and level and extent of protein binding; thus, the detected signals for different gene products may also be differentially affected by storage conditions in FFPE blocks as well. Nevertheless, we did find marked reductions in signals across a number of different mRNA targets and across tissues fixed and processed at two separate institutions using different protocols, which suggests that our findings are likely to be reasonably generalizable.
Interestingly, while there was some degradation in signals, the probe targeting the 5.8S rRNA showed much less of a reduction in signal with storage time. This raises the question regarding whether some RNAs, particularly those tightly bound to a number of proteins, such as ribosomal RNAs, are better preserved in tissues over time. In fact, it has been shown that ribosomal RNAs are more resistant to degradation occurring over time in postmortem samples. 63 This also raises the issue of using RIN numbers, which largely reflect rRNA levels, as the main gold standard when assessing RNA quality as a whole, which has indeed recently been challenged. 62, 64 Additional studies will be needed to determine whether general classes of RNA have more stability in FFPE tissues blocks with storage time.
In summary, our findings indicate that many studies using RISH may be significantly affected by FFPE tissue block age and that if this feature is not carefully considered in study designs, it could introduce bias into many results. For example, for RNAs with relatively low expression, older FFPE blocks may appear to be negative (eg, false negative) when in fact signals would be present in newer blocks (eg, true positive). Likewise, for genes with high expression, the expression would appear to be much lower than what was detected when older FFPE blocks are employed. This issue is especially a potential critical pitfall for studies examining the prognostic significance of in situ-based RNA expression that intrinsically use older tissue blocks or those studies in which tissue block age was not considered and tissues from different ages were employed without attention to this detail. Our prospective study clearly showed that a relatively simple solution of storage of unstained cut slides in the cold (-20°C) preserves RISH signals in unstained FFPE slides, and this is superior to leaving the tissues in FFPE blocks stored at room temperature. Since most of the millions of archival FFPE blocks in thousands of pathology laboratories and research laboratories throughout the world are stored at room temperature (including human and animal tissues), our findings challenge the conventional wisdom. If these results are replicated in other studies using different tissue types and probe sets, it may be appropriate to reconsider the longstanding tradition of storing archival tissue blocks at room temperature. A simple alternative (cold storage of unstained slides) may help to better preserve invaluable RNA-based information currently locked in massive FFPE archives. ❚Image 7❚ Representative images from prospective slide storage tissue microarray (TMA) study. Slides stored at room temperature for the indicated times are shown on the left, and slides stored at -20°C for indicated times are shown on the right. TMA spots are from adjacent slides, so histology is highly similar. Note very little difference at 1 month but a marked increase in signals in TMA spots stored at -20°C for 2 years. (×200)
